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Shade is defined as the coolness and darkness caused by shelter from solar
radiation. In freshwater, shade is most commonly provided by riparian vegetation, which
can affect water quality through its effects on temperature and light. The purpose of this
research was to explore riparian shade influences on (1) fish distribution along reservoir
littorals and (2) diel water quality patterns. Sampling was conducted in shaded and nonshaded paired sites in Columbus Lake, Mississippi, U.S.A. Differences in species
distribution revealed that, in general, clupeids and most centrarchids were better
represented in unshaded sites, while percids were better represented in shaded sites. Diel
cycles of water quality variables were measured in situ over 24-h periods with autosamplers and assessed using trigonometric polynomial regression to describe daily
cycles. Analysis of covariance revealed all water quality variables differed between sites
and most also varied between shaded and unshaded sites and exhibited daily cycles.
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CHAPTER I
INTRODUCTION
1.1

Overview
Shade, defined as the coolness and darkness caused by shelter from solar

radiation, can potentially have significant impacts on water quality and fish assemblages.
Shading can come from a variety of environmental sources such as free floating
macrophytes, floating objects, surface turbidity, and most commonly riparian vegetation.
Riparian shade can affect water quality through its effects on temperature and light
availability that directly or indirectly affect various other water quality variables. Fish
community makeup can be modified by the presence of shade through alteration of
habitat selection (Verweij et al. 2012), as well as influencing prey behavior (Reebs 2000)
and predator success (Petersen and Gadomski 1994).
1.2

Riparian Influence on Water Quality and Fish Assemblages
Riparian shade has a substantial impact on water quality, by influencing

temperature and oxygen content, nutrient load, and ultra-violet (UV) radiation (Lowrance
et al. 1984; Malanson 1993; Pusey and Arthington 2003). Solar radiation can drive up the
temperature of the water, decreasing gas solubility and dissolved oxygen holding
capacity. Consequently, the presence of shade yields decreased temperatures and altered
dissolved oxygen content (Brown and Krygier 1970; Broadmeadow et al. 2011).
Temperature and oxygen content are the two most significant environmental factors
1

impacting stress, disease and mortality of fishes (Plumb and Hanson 2011), with
temperature alone possibly being the most important factor for microhabitat selection
(Brazner et al. 2005). The absence of shading can reduce refuge availability for intolerant
species (Brown and Krygier 1970; Ebersole et al. 2003; Wang et al. 2003; Cocheret de la
Morinière et al. 2004; Caraco et al. 2006). Fish subjected to high temperatures respond
with lethargy, decreased immune function, or are forced to emigrate to more favorable
areas (Brett 1956; Block et al. 1984; Plumb and Hanson 2011). Riparian shade can also
significantly impact UV light, reducing total amounts of radiation by up to 95% when in
the presence of a solid tree canopy (Brown and Krygier 1970; Parisi and Kimlin 1999;
Hill and Dimick 2002; Ebersole et al. 2003). Adverse effects of radiation have been
observed on larval fish and egg masses (Pusey and Arthington 2003), but these effects
can be remediated by the presence of shade. Nutrient loads are affected by the presence
of vegetative growth like macrophytes, phytoplankton, or riparian vegetation. The
amount of shade controls the amount of sunlight, reducing the prevalence of
photosynthetic activity, production and subsequent nutrient uptake and usage (Carpenter
and Lodge 1986).
Shade can impact fish assemblages by serving as a form of habitat, influencing
predation risk, foraging efficiency, and how an individual will select a microhabitat on a
daily basis (Cerri and Fraser 1983; McCartt et al. 1997). Small-bodied fishes often use
shade as shelter, even during times of limited predation risk or foraging opportunities
(Reebs 2000). Research indicates there is greater recruitment to shade when structure is
added (Shulman 1984; Verweij et al. 2012) and that shade can increase the preference for
a chosen habitat (Shulman 1984; Hair et al. 1994; Cocheret de la Morinière et al. 2004).
2

Utilization of shade by prey fishes is a common and effective anti-predator strategy.
Light intensity favors predator success, prompting anti-predator responses of shade
inhabitance, tighter schooling, and reduced movement (Helfman 1978; Helfman 1981;
Johnson et al. 1988; Lynch and Johnson 1989; McCartt et al. 1997). Captive reared fishes
have been observed to inhabit shade at all light levels whereas experienced, wild fishes
were seen to alter their behavior; inhabiting shade only when exposed to increased
predator threats (McCartt et al. 1997; Fontanarrosa et al. 2010). Predator response to
shade is not as well described by the literature, but shade and decreased visibility have
been shown to have varying effects on predator successes and abundance. Research by
Helfman (1981) indicated a shaded observer could see a sunlit target at more than 2.5
times the distance from which a sunlit observer can see a shaded target. For this reason
shaded structure has been shown to attract and hold predatory fishes at a rate higher than
unshaded structure (Verweij et al. 2012), by affording a predatory visual advantage in the
presence of shade (McCartt et al. 1997). Some fishes have a documented increase in
predatory success in the presence of shade (James and Heck Jr. 1994; Petersen and
Gadomski 1994). For most aquatic predators, visual acuity is the primary advantage for
determining predation efficiency (James and Heck 1994; Petersen and Gadomski 1994;
McCartt et al. 1997; Anderson 2001). Most predators experience reduced success and
reaction distance as light and visibility diminish (Vinyard 1976; James and Heck 1994).
Planktivorous predators have reduced success at lower light levels, but are still able to
locate prey items with relative efficiency (Ryer et al. 1999). Larger individuals (>29cm)
of Largemouth Bass (Micropterus salmoides) are seen to be most effective at light
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intensities of lower than 6 lx, suggesting an increased preference for use of shade
(Howick and O’Brien 1983).
The riparian zone is a key ecotone that regulates physical and chemical
characteristics in lacustrine and riverine environments. As a result, it is reasonable to
predict that shade is a central component of aquatic ecosystems and subsequently can
moderate reservoir water quality patterns and fish assemblage. By influencing the amount
of solar radiation reaching the water, shade controls various water quality and ecological
processes key to maintaining healthy fish assemblages in aquatic systems. Nevertheless,
the effect of shade on reservoir ecosystems has received only limited research attention.
As shade can be reduced through riparian zone development stimulated by human
population expansions, or increased by reforestation programs, exploration into how
riparian shade influences water quality patterns and fish assemblage along reservoir
nearshore areas is needed to inform decision makers.
1.3

Thesis Organization
The remainder of this thesis is organized into two chapters. Chapter II focuses on

fish and Chapter III focuses on water quality. Both chapters contrast shaded and
unshaded sites in Columbus Lake, a eutrophic reservoir in northeast Mississippi. While
environmental conditions and the fish fauna are specific to Columbus Lake, generalities
about fish and water quality response to shade are of broad applicability. Examination of
the value of riparian shade will yield insight into water quality and fisheries management
strategies. Differences in chapter formatting are due to variation in targeted journal
requirements.
4
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CHAPTER II
ROLE OF RIPARIAN SHADE ON A RESERVOIR’S FISH ASSEMBLAGE
2.1

Introduction
Shade, defined as the coolness and darkness caused by shelter from solar radiation

may be a key aspect of fish habitat. In many aquatic environments light controls
ecosystem mechanics, so that excluding or reducing light can create numerous effects on
the physical and chemical environment, and subsequently the aquatic biota (Hill et al.
1995; Bourassa and Cattaneo 2000; Gjerløv and Richardson 2010). Changes in
temperature and water quality caused by riparian shade increases the diversity of
microhabitats and influence fish assemblage composition (Naiman and Latterell 2005).
The use of shade and its role in shaping fish assemblages has been studied in lotic
systems (Jones et al. 1999; Burcher et al. 2008; Broadmeadow et al. 2011), but our
literature review revealed that it has not been addressed directly in lentic environments.
Temperature is perhaps the most significant environmental factor impacting fish
survival and habitat selection (Brown and Krygier 1970; Plumb and Hanson 2011). Solar
radiation governs temperature changes (Brown and Krygier 1970) and thermal
stratification (Ebersole et al. 2003), and shade moderates the effects of solar radiation.
Presence of a developed tree canopy over a narrow stream has been shown to exclude up
to 95% of the total solar radiation from reaching the water’s surface (Hill and Dimick
2002). In contrast temperature has been shown to significantly increase after clearcutting
8

of streamside vegetation (Brown and Krygier 1970). Typical fish response to thermal
stress is avoidance seeking areas of thermal refuge (Block et al. 1984; Ebersole et al.
2003). Psychrophilic and warmwater-intolerant fish species are often associated with
cooler and oxygen-rich patches created by shade. Cooler water serves to keep the core
body temperature of fish lower than otherwise would be possible in the surroundings
(Broadmeadow et al. 2011). Fish have been observed to reduce their activity levels in
shaded areas (Block et al. 1984). Inability to obtain thermal refuge and reduce activity
can directly or indirectly result in mortality (Alabaster and Lloyd 2013).
Besides controlling the physicochemical environment, shade can help shape
predator-prey interactions. Utilization of shade is one of the more common examples of
predator-prey fish behavior. Studies indicate that a fish in shade is able to see a sunlit
target at 2.5 times greater distance than an unshaded observer (Helfman 1981), benefiting
both predator and prey associated with shade. As a result, affinity for shaded
microhabitats may vary among species, and ensuing differences in fish assemblages can
be expected (Lynch and Johnson 1989; McCartt et al. 1997). Research has shown that
the presence or absence of shade creates differences in environmental conditions that can
determine suitability for various species, and therefore influence fish assemblage
composition. Nevertheless, except for studies in stream environments, no information is
available about the different fish assemblages that develop in shaded and unshaded
lacustrine environments. Thus, the objective was to compare fish assemblages between
shaded and unshaded locations in a freshwater lacustrine environment. It was
hypothesized that fish assemblages would differ in direct response to light availability or
indirectly through the effects of radiation on water physicochemistry.
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2.2
2.2.1

Methods
Study Site
The study was conducted between mid-June and early-August, 2015 within

Columbus Lake, an impoundment of the Tennessee-Tombigbee Waterway in northeast
Mississippi. This navigation reservoir is 3,600 ha in surface area, relatively shallow
(mean depth, 2.0 m; maximum depth, 14.3 m), has limited annual water level fluctuations
(<0.5 m), and has a well-developed forested riparian zone that provides diverse levels of
shade to shorelines which can vary throughout the year. In all, 25 shaded (no direct
sunlight) and 25 unshaded sites (total N = 50 sites) were selected for sampling (Figure
2.1). Potential sites were predetermined using Suncalc, a web application that utilizes
GPS coordinates, sun angle and date and time, to estimate sun position (Agafonkin 2009).
An initial site type was selected at random, after which shaded and unshaded sites were
alternated. At the latitude of Columbus Lake (33o38’ N), during June-August, day length
from dawn to dusk extends 13.7 - 14.4 hours. Shaded sites were sheltered from direct
sunlight the majority of daytime hours (11-12 hours); conversely, unshaded locations
received direct sunlight for the majority of daytime hours (11-12 hours). Shaded sites
received direct sunlight only for a short time after sunrise and before sunset, when light
intensity is diminished. Shaded and unshaded sites were selected to include a diversity of
depths, substrates, and underwater structure consisting mainly of woody debris and also
some emergent aquatic vegetation.
2.2.2

Fish Assemblages
Randomly selected shaded and unshaded sites along shore were encircled with a

block net (Bettoli and Maceina 1996). The net included a float line and lead line, was 2.510

m tall, had 6.5-mm bar mesh, and was deployed in a semicircle abutting the shore to
encircle 0.015 ha. After the semicircle was enclosed, Prentox® Prenfish™ (5% rotenone
emulsified in Napthalene and 1,2,4- trimethylbenzene) was applied to achieve a
concentration of 1-2 mg/L, in accordance with standard techniques (Bettoli and Maceina
1996). Fish were collected with dip nets immediately after application of the toxicant.
Shaded and unshaded sites were sampled alternately. All fish were collected, labeled with
date and study site, stored on ice, and transported to a laboratory where they were
identified to species with the use of dichotomous keys (Ross and Brenneman 2001;
Boschung and Mayden 2004) and enumerated.
I sought to account for additional variability in fish samples by measuring depth
and the percentage of submerged cover at each sampling site, at the time of sampling.
Depth was recorded as the vertical distance from top to bottom at the center of the
enclosure. Percentage area cover included mostly woody debris and some emergent
aquatic vegetation next to the bank. Depth and cover were expected to be related to fish
distribution (Schneider and Winemiller 2008; Miranda 2011) but independent of shade
status because riparian forests occur throughout Columbus Lake.
2.2.3

Water Quality
Three metrics commonly associated with aquatic health including light intensity,

temperature, and dissolved oxygen (DO) were measured to describe the effects of shade.
These water quality measures are correlated as light intensity influences temperature, and
temperature influences DO. Light intensity also influences DO through its effects on
photosynthesis. As the fish collection process was anticipated to disturb water at the fish
sampling sites, water quality was measured at separate sites including 13 shaded and 14
11

unshaded sites not affected by the fish collection procedure. These measurements were
made hourly over 24-h intervals expanding over the same period of fish collections.
HOBO Pendant® Temperature/ Light Data Loggers 8K (Onset™ Cape Cod, MA) were
used to measure light intensity at 0.1 m below the water surface, and temperature at 0.1
and 1.0 m. Dissolved oxygen was measured with a Hach® Hydrolab DS5 sampler
(Hach® Loveland, CO) suspended at 1.0 m below the surface. Because light intensity,
temperature, and DO could not be collected at the fish sampling sites, they were used to
describe average conditions in shaded and unshaded sites, but not to help isolate the
effects of shade.
2.2.4

Data analysis
The goal of the analysis was to identify potential differences in fish assemblages

between shaded and unshaded sites, while accounting for site-specific depth and cover
differences. Fish assemblages were described in terms of number of fish per sample
according to species. A permutation multivariate analysis of covariance
(perMANCOVA) was applied to test if fish counts (multiple species) differed between
shaded and unshaded sites (class variable). Cover and depth were included as covariates.
All interaction terms were considered. The perMANCOVA relied on 9,999 permutations
to assess statistical significance with a pseudo-F test and p < 0.05. This procedure is
analogous to conventional parametric multivariate analysis of covariance, but does not
make assumptions about data distribution, although it does assume independence of
samples and homogeneity of dispersion among variables (Anderson 2001).
If the perMANCOVA detected differences in species distribution between shaded
and unshaded sites, further analyses were conducted to evaluate which species
12

contributed most to the observed differences. A canonical analysis of principal
coordinates (CAP; Anderson et al. 2008) was applied to identify taxa that discriminated
between shaded and unshaded sites. CAP is an ordination procedure suitable for
identifying axes through a multivariate cloud that best separate among a priori groups
(e.g., shaded and unshaded sites). Once CAP axes were identified, Spearman rank
correlations between species’ catches and CAP axes scores were calculated to identify
species that best differentiated shaded and unshaded sites.
The perMANCOVA and CAP were applied to a similarity matrix constructed
from species catches using the Bray-Curtis distance coefficient. Prior to computation of
distance coefficients, all fish catches were fourth-root transformed to reduce skewness,
thereby satisfying the assumption of homogeneity of dispersion. The independence of
samples assumption was satisfied by selecting sites that were at least 100 m apart.
Analyses were conducted with the PERMANOVA+ add-on package for PRIMER
version 7 (Anderson et al. 2008; Clarke and Gorley 2015).
2.3

Results
Average light intensity, temperature, and DO followed expected patterns in

shaded and unshaded sites. Light intensity increased through the day peaking around
1300 hours at near 8,000 lx in shaded sites and 40,000 lx in unshaded sites (Figure 2.2).
Temperature at 0.1 m peaked at 1500-1600 hours at 33.6oC in shaded sites and 34.6oC in
unshaded sites. Temperature at 1.0 m peaked 3-4 h later at 31.6oC in shaded sites and
31.9oC in unshaded sites. Average temperature differences between 0.1 and 1.0 m depths
were <1oC during the night but increased to as much as >2.5oC in the afternoon. Also,
average temperatures at 0.1 m were similar in shaded and unshaded sites during the
13

morning but diverged by over 1oC in late afternoon and evening. DO at 1.0 m peaked in
late afternoon at about 7.8 mg/L in shaded sites and 8.6 mg/L in unshaded sites. DO
levels declined to lower averages in shaded sites than unshaded sites, but levels
converged around mid-day. DO values never dropped below 4.8 mg/L at any site.
Average light intensity, temperature at 0.1 m, temperature at 1 m, and DO at 1 m were
66%, 2%, 2%, and 5% lower in shaded than unshaded sites. While light intensity peaked
at the same time in shaded and unshaded sites, the other variables peaked 1-2 h earlier in
shaded sites.
A total of 2,417 fish were collected, including 1,103 in shaded sites and 1,314 in
unshaded sites. Number of fish per sample averaged 41.7 in shaded samples (min-max, 8152) and 44.9 in unshaded samples (8-157). In all, these fish represented 36 species
(Table 2.1), with 27 species in unshaded sites (4-17 per site) and 33 species in shaded
sites (4-15 per site). The average number of species per site were not statistically
different (pseudo-F = 0.7, p = 0.395), but the overall number of species was 22% higher
in shaded sites. Catch was dominated by Bluegill (Lepomis macrochirus) which
comprised 29.5% of total catch, followed by Threadfin Shad (Dorosoma petenense;
13.9%), Orangespotted Sunfish (Lepomis humilis; 11.6%), Silverstripe Shiner (Notropis
stilbius; 8.1%), Largemouth Bass (Micropterus salmoides; 6.0%), Gizzard Shad (D.
cepedianum; 5.8%), and White Crappie (Pomoxis annularis; 5.7%) with no other species
representing more than 4% of the total catch.
The perMANCOVA identified statistically significant differences in the fish
species composition in relation to the presence of shade (pseudo-F = 2.6; p = 0.007), to
depth of the site (pseudo-F = 2.4; p = 0.016), but no cover effect (pseudo-F = 1.8; p =
14

0.079), and no interactions among any combination of the three variables (pseudo-F <
1.7; p > 0.1). Depth at the 50 fish collection sites averaged 1.02 m, 0.96 m (min-max, 0.31.5) in unshaded sites and 1.08 m (0.3-1.8) in shaded sites. Cover over all sites averaged
35.3%, 42.6% (0-90) in unshaded sites and 28.0% (0-90) in shaded sites. The significant
shade effect indicated fish assemblages differed among shaded and unshaded sites, and
the significant depth covariate indicated fish assemblage composition shifted with depth.
The lack of significant interactions indicated that the differences between shaded and
unshaded sites were not altered by depth or cover.
The CAP illustrated the separation of sites according to shade status and depth
(Figure 2.3). Shade was associated with axes 1 and 2, with unshaded sites distributed
mostly on the upper-left space in the ordination, and shaded sites in the lower-right space.
The deeper sites tended to score negative values in axes 1 and 2, whereas the shallower
sites tended to score positive values. Species associated with shaded sites included
Bluntnose Darter (Etheostoma chlorosomum), Logperch (Percina caprodes), Channel
Catfish (Ictalurus punctatus), Silverstripe Shiner, White Crappie, Spotted Gar
(Lepisosteus oculatus), Silverside Shiner (Notropis candidus), Longnose Gar
(Lepisosteus osseus), and Brook Silverside (Labidesthes sicculus). Species associated
with unshaded sites included Gizzard Shad, Threadfin Shad, Western Mosquitofish
(Gambusia affinis), Redear Sunfish (Lepomis microlophus), Largemouth Bass, Dollar
Sunfish (Lepomis marginatus), Orangespotted Sunfish, and Blackstripe Topminnow
(Fundulus notatus).
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2.4

Discussion
The present study investigated differences in fish assemblages in shaded and

unshaded sites in a lacustrine environment. Previous authors have characterized the
effects of shade on lotic environments where the riparian canopy can cover a large
fraction of a stream, but in a lacustrine environment the canopy is restricted to the
shoreline. Fish assemblage composition differed between shaded and unshaded sites in
the study reservoir, with some differences accounted for by depth. Average light intensity
was 66% lower in shaded sites, but differences in temperature and dissolved oxygen were
5% or smaller. Unlike in streams where shade can have large effects on water
physicochemistry, in lakes and reservoirs differences in fish assemblages may be due
principally to differences in light intensity.
Distinct habitat conditions are usually associated with distinct fish assemblages
(Aadland 1993), and differences in light characteristics prompted by shade are expected
to create distinct habitat conditions. Burcher et al. (2008) reported that species richness
decreased in streams where riparian cover was removed. Jones et al. (1999) found an
overall decrease in fish abundance with increasing length of non-forested riparia; benthic
minnows and darters decreased, and sunfishes and water-column minnows increased in
numbers. Correspondingly, differences in alpha (local species pool) diversity (Whittaker
1972) were not detected between shaded and unshaded sites, although gamma (regional
species pool) diversity was higher in shaded sites. Like in stream studies, fish
assemblage composition differed between shaded and unshaded sites. In general, clupeids
and most centrarchids were better represented in unshaded sites, and percids better
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represented in shaded sites. Shaded sites tended to include intolerant species as defined
by Meador and Carlisle (2007), whereas unshaded sites did not.
Fish assemblage composition was also influenced by depth as species or life
stages have adaptations that favor different depths (Miranda 2011). The lower water
layers in deep sites potentially provide shade-like refuge as light intensity decreases with
depth. Thus, it had been anticipated that an interaction between depth and shade would
signal that the effect of shade on species composition was weaker in deeper sites, because
depth provides dimness. The observed lack of interaction suggested that within the limits
sampled (i.e., maximum depth = 2.5 m) depth did not provide enough shade.
Key water quality variables including temperature and dissolved oxygen differed
by an average 5% or less. This difference appears marginal and well within the range
encountered by fish during daily vertical or horizontal movements. Moreover, dissolved
oxygen never reached threatening levels (<2 mg/L; Alabaster and Lloyd 2013), and while
temperature near the surface reached potentially distressing levels (>35oC; Block et al.
1984, Beitinger et al. 2000), cooler oxygenated refuge was available in deeper water.
Lake surface area is usually dominated by unshaded open water and thus the shaded
margin can have only a small impact on whole-lake physicochemistry (Lauck et al.
2005). As a result, unlike in streams, the riparian shade of lakes cannot have a large
influence on water quality, and its biggest effect may be on light availability. The
observed 66% average decrease in light intensity in the study reservoir has the potential
to influence biotic assemblages more directly through competitive mechanisms
associated with finding food, avoiding predation, and other aspects associated with
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visibility (Helfman 1978; Helfman 1981; Hair et al. 1994; McCartt et al. 1997), rather
than through physiologic effects via water quality.
Besides moderating light intensity, shade filters the light spectrum to emphasize
different color wavelengths (Seehausen et al. 2008). When the sun is not blocked by
clouds, the shaded shoreline of a lake influenced by the unshaded open water will
emphasize blue-gray wavelengths, whereas the open water will show primarily white
light (i.e., all wavelengths; Endler 1993). With a heavily forested canopy the shore may
have yellow/green light with small patches of yellow/orange light. Fish species with
different color patterns may be more or less conspicuous depending on the light filtered at
their location, which may influence the ability to obtain food or exposure to predation.
Whereas some fish taxa are capable of displaying diverse color patterns to adjust to their
environment or for communication, most species have relatively fixed colorations
(Endler 1987). Therefore, the diversity in light intensity and spectral composition
produced by shaded and unshaded sites can create a diverse mosaic of light-based
habitats in lake shores that attract different species or life stages. As demonstrated by this
study, this heterogeneous patchwork of light characteristics can potentially enhance fish
species richness and the diversity of species associations.
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2.5

Tables

Table 2.1

Common names, scientific names, and percentage contribution of fish
species collected in shaded and unshaded study sites.

Family Name

Scientific Name

Common Name

Aphredoderidae
Atherinopsidae
Catostomidae
Centrarchidae

Aphredoderus sayanus
Labidesthes sicculus
Ictiobus bubalus
Lepomis macrochirus
L. humilis
L. gulosus
L. marginatus
L. microlophus
L. megalotis
Micropterus salmoides
M. punctulatus
Pomoxis annularis
P. nigromaculatus
Dorosoma petenense
D. cepedianum
Cyprinella venusta
Hybopsis amblops
Notropis stilbius
N. candidus
Nocomis leptocephalus
Phenacobius mirabilis
Pimephales vigilax
P. notatus
Elassoma zonatum
Esox americanus
Fundulus notatus
Ictalurus punctatus
Noturus funebris
Lepisosteus oculatus
L. osseus
Morone saxatilis
Etheostoma
chlorosomum
E. parvipinne
Percina caprodes
Gambusia affinis
Aplodinotus grunniens

Clupeidae
Cyprinidae

Elassomatidae
Esocidae
Fundulidae
Ictaluridae
Lepisosteidae
Moronidae
Percidae

Poeciliidae
Sciaenidae

N

Unshaded(%)

Shaded(%)

Pirate Perch
Brook Silverside
Smallmouth Buffalo
Bluegill
Orangespotted Sunfish
Warmouth
Dollar Sunfish
Redear Sunfish
Longear Sunfish
Largemouth Bass
Spotted Bass
White Crappie
Black Crappie
Threadfin Shad
Gizzard Shad
Blacktail Shiner
Bigeye Chub
Silverstripe Shiner
Silverside Shiner
Bluehead Chub
Suckermouth Minnow
Bullhead Minnow
Bluntnose Minnow
Banded Pygmy Sunfish
Redfin Pickeral
Blackstripe Topminnow
Channel Catfish
Black Madtom
Spotted Gar
Longnose Gar
Striped Bass

3
29
9
712
281
78
50
31
6
146
2
137
2
335
141
1
2
195
83
1
1
5
4
2
2
18
22
2
13
1
2

67
31
56
47
56
58
74
74
0
70
0
23
0
87
62
0
0
36
42
0
100
0
25
50
100
56
32
50
38
0
100

33
69
44
53
44
42
26
26
100
30
100
77
100
13
38
100
100
64
58
100
0
100
75
50
0
44
68
50
62
100
0

Bluntnose Darter
Goldstripe Darter
Logperch
Western Mosquitofish
Freshwater Drum

11
1
14
25
50

18
0
14
84
56

82
100
86
16
44
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2.6

Figures

Figure 2.1

Study sites on Columbus Lake, MS where 25 shaded (closed black circles)
and 25 unshaded (open white circles) sites (total N = 50) were selected for
sampling.

An initial site type was selected at random, after which shaded and unshaded sites were
alternated. Shaded sites were sheltered from direct sunlight the majority of daytime
hours (11-12 hours); unshaded locations received direct sunlight for the majority of
daytime hours (11-12 hours).
20

Figure 2.2

Diel patterns of water quality variables recorded in shaded (N =13) and
unshaded (N = 14) sites of Columbus Lake, June-August, 2015. DO =
dissolved oxygen.

The dotted lines represent samples in unshaded sites and the grey lines samples in the
shaded sites. The solid lines represent averages for shaded (S) and unshaded (U) sites.
Averages over all times are also given for U and S sites.
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Figure 2.3

Canonical analysis of principal coordinates applied to identify taxa that
discriminated between shaded and unshaded sites.

The vectors identify correlations with CAP axes 1 and 2
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CHAPTER III
RESERVOIR DIEL WATER QUALITY PATTERNS RELATIVE TO
RIPARIAN SHADE
3.1

Introduction
The riparian zone is a key ecotone that regulates physical and chemical

characteristics in lake and stream environments. This zone performs multiple functions
that directly or indirectly influence water quality, including bank stabilization, control of
local wind speed and hence wave action, regulation of solar radiation and temperature,
nutrient filtering, and contribution of allochthonous organic materials (Christensen et al.,
1996; Wang et al., 2003; Broadmeadow et al., 2011). In turn, these functions influence
aquatic biotic assemblages including plankton, invertebrates, and fish (Pusey &
Arthington, 2003).
Shade provided by a tree canopy in the riparian zone can substantially reduce
exposure to solar radiation (Hill & Dimick, 2002). Reductions in solar radiation often
lead to lower water temperatures (Ebersole et al., 2003) and reduced primary production
via photosynthesis (Mosisch et al., 2001). Conversely absence or removal of riparian
vegetation can dramatically increase water temperatures and photosynthesis (Brown &
Krygier, 1970; Burton & Likens, 1973; Karr & Schlosser, 1977; Feller, 1981; Osborne &
Kovacic, 1993). A major side effect of increased water temperature is the reduction of
dissolved gases, including dissolved oxygen despite the increase in photosynthesis.
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Reductions of photosynthesis in shaded sites may result in reduced uptake of carbon
dioxide, solubilized nutrients such as nitrogen and phosphorus, and in reduced production
of dissolved oxygen. Shifts between carbon dioxide and dissolved oxygen dominance can
modify pH due to fluctuations in carbonate equilibrium dynamics (Mosisch et al., 1999;
Wetzel, 2001; Falkowski & Raven, 2013). Oxidation-reduction potential (i.e., capacity to
release or accept electrons from chemical reactions) is dependent on photosynthetic
activity and associated oxygen potential. Specific conductance (an indicator of dissolved
ion concentration) may also be partially regulated by shade, as during photosynthesis
nutrients that typically increase specific conductance are removed from solution (Spruill,
2000; Wetzel, 2001; Falkowski & Raven, 2013).
Through its influences on water physicochemistry, riparian shade can influence
biotic assemblages. The extent of this effect is likely to be inversely related to water
volume and differ between lentic and lotic systems. In lentic systems the effect of shade
on water quality is likely to be enhanced by the absence of flow, but diminished by
mixing with large water volumes in unshaded pelagic areas. Shoreline ecotones in lentic
systems generally support disproportionately higher biodiversity, so that water quality in
this marginal zone may have amplified significance to biotic assemblages (Lachavanne &
Juge, 1997). Surveys of contemporary literature suggest investigations into the effect of
riparian shade on water quality have been limited mostly to streams, with less emphasis
on natural lakes (Lauck et al., 2005), but almost no attention given to reservoirs (Correll,
1996; Lowrance et al., 1997). Riparian zones in reservoirs are different because of their
artificial origin. They are generally more dendritic than lakes, may have steep banks lined
by tree canopies composed of upland rather than bottomland trees, can have drastic water
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level fluctuations, and depending on their use may or may not experience flow that varies
with time of year and location within the reservoir.
Considering this deficit in information, the objective was to determine whether
diel water quality patterns in a reservoir differed relative to the presence or absence of
riparian shade. This research may help inform decisions about riparian habitat
management in reservoirs, and encourage further investigations into an underemphasized
aspect of reservoir management.
3.2

Methods
The study was conducted within Columbus Lake, an impoundment of the

Tennessee-Tombigbee Waterway in northeast Mississippi. This eutrophic navigation
reservoir is 3,600 ha in surface area, relatively shallow (mean depth, 2.0 m; maximum
depth, 14.3 m), has limited annual water level fluctuations (<0.5 m), and has a welldeveloped forested riparian zone that, depending on time of year, provides diverse levels
of shade to nearshore waters. At the latitude of Columbus Lake (33o38’ N), during JuneAugust, day length from dawn to dusk extends 13.7 - 14.4 hours. Shaded sites were
sheltered from direct sunlight the majority of daytime hours (11-12 hours); conversely,
unshaded locations received direct sunlight for the majority of daytime hours (11-12
hours). Shaded sites received direct sunlight only for a short time after sunrise and before
sunset, when light intensity is faint. Shaded and unshaded sites were selected to include a
diversity of depths.
Sampling was conducted between mid-June and early-August of 2015, a period
expected to have the greatest solar radiation and thus provide the largest contrast between
shaded and unshaded sites. Sites were selected at random from within a framework of
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shaded and unshaded sites. Initially a site type was selected at random, after which site
types were alternated approximately every 1-3 days to capture temporal variability of
unshaded and shaded sites. On a sampling day, data collection was initiated between
0800 and 1000 hours. Each site was sampled only once.
All water quality characteristics were measured in situ by automated samplers
which recorded multiple variables every hour over 24-hour periods. Light intensity (lx)
and surface water temperature (oC) were obtained at a depth of 0.1 m using HOBO
Pendant® Temperature and Light 8K Data Loggers (Onset™ Cape Cod, MA). A set of
two loggers were deployed simultaneously and values averaged in 1-h intervals. As light
intensity decreases to near zero after nightfall, values of 0 were only included in analyses
if they occurred during normal daylight hours as defined for the site coordinates and day
of the year (Agafonkin, 2009). Dissolved oxygen (DO, mg L-1), temperature (°C),
turbidity (NTU), oxidation-reduction potential (ORP, mV), pH, and specific conductance
(µS/cm) were measured using a Hach® Hydrolab DS5 Multiprobe (Hach® Loveland,
CO). The sensor was suspended at a depth of 1 m below the surface. Nitrate (mg/L) was
measured using a SUNA V2 UV Nitrate Meter, a submersible ultraviolet nitrate analyzer
(Sea-Bird Coastal, Bellevue, WA). Orthophosphate (mg/L) was measured with a Wet
Labs® Cycle PO4 Sensor (Sea-Bird Coastal).
3.2.1

Data analysis
To summarize the data, means and standard deviations were computed for each

variable according to shade status over all sites, and scatter plots of hourly means were
examined according to sites. To determine whether diel water quality patterns differed
relative to the presence or absence of riparian shade I examined the distributions of
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measurements over replicate 24-hour periods. An analysis of covariance was fit to each
water quality variable using trigonometric polynomial regression to describe daily cycles
as:
yt = b0 + b1 D + b2 D·sin(x) + b3 D·cos(x) + b4 D·sin(2·x) + b5 D·cos(2·x) + b6R

(3.1)

where:
yt = value for water quality variable y at time t,
b0 = intercept,
b1 = dummy variable D representing unshaded sites (0) and shaded sites (1),
b2 – b5 = regression coefficients for sinusoidal pattern,
b6 = dummy variable R to separate values derived from replicate daily cycle, and
x = 2·π·t/24.
In equation 3.1, the coefficients b2 and b3 model a daily cycle with a single diel peak,
such as that expected for light intensity that increases from nearly zero in early morning,
peaks around midday, drops to nearly zero in the evening, and remains at this low level
for several hours during the night. The coefficients b4 and b5 were necessary to model a
sinusoidal diel cycle such as that of temperature, where the values reach a minimum
before increasing to a maximum and then again decline. The interactions of x with D
consider differences in curve patterns in shaded and unshaded sites. The random variable
R considers that daily cycle patterns are likely to differ among samples due to differences
in sites and days. The variability due to site can include differences in site depth, extent
of shade, amount of wave action, and others. Differences among days may include extent
of cloud cover, diel distribution of cloud cover, wind speed, and rain events. Site and day
differences could not be separated because different sites were sampled in different days.
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3.3

Results
In all, 27 sites including shaded (N = 13) and unshaded (N = 14) were sampled.

Mean values of light intensity, temperature, dissolved oxygen, turbidity, oxidationreduction potential, and specific conductance were greater in unshaded sites (Table 3.1).
Conversely, mean concentrations of orthophosphate (PO4-3) and nitrate (NO3-) were
greater in shaded sites. Values of pH were similar in shaded and unshaded sites. Although
statistically significant (Table 3.2), many of the differences in mean values (i.e., deviation
from unshaded in Table 3.1), seemed marginal and within the range of tolerances for
aquatic biotic communities.
The analysis of covariance indicated all water quality variables examined differed
over sites/days (b6) and most differed between shaded and unshaded sites (b1) (Table
3.2). Moreover, except for specific conductance, turbidity, PO4-3, and NO3- all other
variables exhibited daily cycles (Figure 3.1). Although these four variables did not
exhibit strong daily patterns, specific conductance was lower in shaded sites than
unshaded sites, and turbidity, phosphate, and nitrates were higher in shaded sites (Table
3.1). Specific conductance and turbidity changed after rain events.
Light intensity, temperature, DO, pH, and ORP exhibited diel cycles that varied
greatly over sites/days (Figure 3.1). On average, light intensity peaked at 1300 hours in
shaded and unshaded sites, with unshaded sites peaking at higher levels averaging
approximately 40,000 lx, and shaded sites peaking near 8,000 lx. Surface temperatures
(0.1 m) were similar through the morning hours in shaded and unshaded sites, peaked
around 1500-1700 hours about 0.5-1.0o C higher in unshaded sites, and decreased through
the evening and night until a low was reached near 0700-0800 hours. Temperatures at 1.0
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m followed a cycle similar to surface temperatures, except that afternoon temperatures
did not rise as high and peaked 3-4 h later; at night differences between 0.1 and 1.0 m
were smaller. Dissolved oxygen levels fluctuated between 5 and 10 mg/L and followed a
similar cycle in shaded and unshaded sites, peaking around 1700 hours, about 1 h after
temperature and 4 h after light intensity; lowest levels occurred around 500-800 hours.
Levels of pH ranged between 7 and 8.5, followed a pattern similar to DO, but did not
differ between shaded and unshaded sites. Oxidation-reduction potentials ranged 400-650
mV and followed a pattern that was the inverse of the pH diel cycle.
3.4

Discussion
The variables measured generally exhibited lower values in shaded sites, except

nutrients which were higher, and pH which was the same in shaded and unshaded sites.
Light intensity underwater in shaded sites averaged less than 3,000 lx, and 66% lower
than in unshaded sites. Out of the water, light intensity in direct sunlight ranges 30,000100,000 lx and away from direct sunlight 10,000-20,000 lx (McCluney, 2014). As
expected, differences in light intensity were generally associated with differences in other
water quality variables, as light intensity directly or indirectly determines the other
variables. Reduced light intensity in shaded sites moderates temperature and increases
solubility of oxygen, but at the same time reduced light intensity hinders photosynthesis,
which resulted in a net decrease in dissolved oxygen in unshaded sites. Reduced
photosynthesis in shaded sites may be responsible for the increased levels of nutrients.
Although shaded sites may often naturally have more nutrients leaching from sediment
and from allochthonous sources recruited from the riparian zone, this was likely not the
case in the study sites because shaded and unshaded sites differed only relative to their
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exposure to sunlight as established riparian canopies were present in both site types.
Turbidity was lower in shaded sites, in agreement with the reduced algal production
expected in shaded sites. Higher photosynthetic potential enabled higher opportunity for
elevated oxidation-reduction potential (Marcus, 1956; Weller et al., 1975; Karr &
Schlosser, 1977; Wetzel, 2001; Clausen & Junge, 2004; Falkowski & Raven, 2013).
Unexpectedly, specific conductance was lower in shaded sites regardless of higher
nutrient concentrations.
Except for turbidity, specific conductance, and NO3- and PO4-3, the other water
quality variables investigated exhibited diel cycles. Light intensity peaked near mid-day,
and most other variables peaked in the afternoon and evening, several hours after the
light intensity peak. An exception was the oxidation-reduction potential that peaked later
in the early morning hours. This daily series of events is activated by the daily cycles in
solar radiation that interact with the water’s specific heat capacity, cloud patterns, rain
episodes, and biotic production and respiration to produce diel cycles that can vary
greatly from day to day (Wetzel, 2001). Interestingly, while light intensity peaked
simultaneously in shaded and unshaded sites, most other variables peaked 1-2 h earlier in
shaded sites. This disparity in daily peaks between shaded and unshaded sites is also
precipitated by differences in light intensity, and likely varies seasonally as the angle of
the sun and density of the leaf canopy changes (Hill & Dimick, 2002; Agafonkin, 2009).
Essentially, towards the end of a day it gets darker earlier in shaded sites, in effect
shortening the length of daytime by 1-2 hours.
While many of the water quality variables investigated showed statistically
different patterns in shaded and unshaded sites, it is less certain whether the magnitude of
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the differences were substantial enough to be important to aquatic communities. Vital
metrics such as temperature and dissolved oxygen differed by an average 5% or less,
certainly within the range encountered by mobile aquatic organisms during daily vertical
or horizontal movements. Moreover, dissolved oxygen never reached hypoxic levels (< 2
mg/L (Alabaster & Lloyd, 2013), and while surface temperatures reached potentially
stressful levels (>35o C; Block et al., 1984; Beitinger et al., 2000), cooler oxygenated
refuge was available in deeper water. Similarly, all other water quality metrics were
within common ranges experienced by most warmwater aquatic organisms and did not
approach toxic levels (Alabaster & Lloyd, 2013).
Effects of riparian shade could potentially be more prominent in shallower
hypereutrophic lakes and reservoirs that tend to have more extreme temperature and DO
levels (Cooke et al., 2005). Moreover, aquatic communities may exhibit long-term
responses to relatively small short-term differences. Small diel differences, particularly
outside optimum levels, if cumulative over a seasonal scale could increase physiologic
stress and alter growth and maturation rates of invertebrates and vertebrates (Block et al.,
1984; Behmer & Hawkins, 1986; Olson et al., 1998; Plumb & Hanson, 2011). I speculate
that the most important effect of shade to aquatic biota in the nearshore zone in most
lakes and reservoirs is likely to be light intensity. The observed 66% average decrease in
light intensity in the study reservoir has the potential to influence biotic assemblages
more directly through competitive mechanisms associated with finding food, avoiding
predation, and other aspects associated with visibility (Helfman, 1978, 1981; Hair et al.,
1994; McCartt et al., 1997) rather than through physiologic effects via water quality.
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Effects of shade in lakes and reservoirs are generally less pronounced than those
observed in streams (Caissie, 2006; Broadmeadow et al., 2011). In most lakes and
reservoirs, the nearshore shaded band is small relative to the unshaded open water, even
when the riparian zone is completely forested and the reservoir is highly dendritic. Lake
surface area is usually dominated by unshaded open water and thus the shaded margin
has only a small impact on whole-lake physicochemistry (Lauck et al., 2005). Moreover,
through various mixing mechanisms (Wetzel, 2001), the large open-water volume tends
to moderate effects of shading on water physicochemistry. As a result, riparian shade is
not expected to have a large influence on lake water quality other than in nearshore areas,
and its biggest effect may be on light availability rather than water temperature or
chemistry.
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3.5

Tables

Table 3.1

Mean and standard deviations (in parentheses) of ten variables recorded in
shaded (N =13) and unshaded (N = 14) sites of Columbus Lake, JuneAugust, 2015.

Variable

Mean (SD)

Deviation (%)
from unshaded

shaded
2,749 (2,335)

unshaded
8,096 (9,874)

Temperature 0.1 m (oC)

31.7 (1.5)

32.5 (1.7)

-2

Temperature 1.0 m (oC)

30.7 (1.2)

31.2 (0.8)

-2

Dissolved oxygen (mg/L)

7.0 (1.0)

7.4 (1.1)

-5

pH

7.6( 0.34)

7.6 (0.23)

0

Oxidation-reduction potential (mV)

562 (62)

578 (42)

-3

Specific conductance (µS/cm)

190 (94)

220 (83)

-14

Turbidity (NTU)

64 (19)

77 (25)

-20

Phosphate (mg/L)

0.0147 (0.0037)

0.0058 (0.0033)

153

0.141 (0.023)

0.129 (0.025)

9

Light intensity (lx)

Nitrate (mg/L)

36

-66

Table 3.2

P > F for sinusoidal regression parameters in equation 3.1 fitted to each of
the ten water quality variables. For light intensity b4 and b5 were not fitted
because the pattern was not sinusoidal (i.e., light declined to zero at night
and remained at zero until the following morning).

Variable

site

shade

x1*shade

x2*shade

Light intensity

<0.01

<0.01

<0.01

<0.01

Temperature 0.1 m

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

0.92

Temperature 1.0 m

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

0.83

Dissolved oxygen

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

0.82

pH

<0.01

0.59

<0.01

<0.01

<0.01

<0.01

0.82

Oxygen reduction
potential

<0.01

<0.01

<0.01

<0.01

0.01

<0.01

0.71

Specific conductance

<0.01

<0.01

0.13

0.46

0.92

0.18

0.51

Turbidity

<0.01

<0.01

0.14

0.18

0.11

0.05

0.48

Total phosphorus

<0.01

<0.01

0.08

0.32

0.96

<0.01

0.65

Total nitrogen

<0.01

<0.01

0.28

0.53

0.34

0.14

0.58

37

x3*shade

x4*shade

R2

0.80

3.6

Figures

Figure 3.1

Diel patterns of water quality variables recorded in shaded (N =13) and
unshaded (N = 14) sites of Columbus Lake, June-August, 2015. DO =
dissolved oxygen and ORP = oxidation-reduction potential.

The dotted lines represent samples in unshaded sites and the grey lines samples in the
shaded sites. The solid lines represent the predicted value derived with equation 3.1 for
shaded (S) and unshaded (U) sites.
38

3.7

References

Agafonkin, V., 2009. SunCalc-sun position, sunlight phases, sunrise, sunset, and dusk
and dawn Times calculator. SunCalc. (http://suncalc.net).
Alabaster, J. S., & R. S. Lloyd, 2013. Water quality criteria for freshwater fish. Elsevier.
Behmer, D. J., & C. P. Hawkins, 1986. Effects of overhead canopy on macroinvertebrate
production in a Utah stream. Freshwater Biology 16: 287–300.
Beitinger, T. L., W. A. Bennett, & R. W. McCauley, 2000. Temperature tolerances of
North American freshwater fishes exposed to dynamic changes in temperature.
Environmental Biology of Fishes 58: 237–275.
Block, C. J., J. R. Spotila, E. A. Standora, & J. W. Gibbons, 1984. Behavioral
thermoregulation of largemouth bass, Micropterus salmoides, and bluegill
Lepomis macrochirus, in a nuclear reactor cooling reservoir. Environmental
Biology of Fishes 11: 41–52.
Broadmeadow, S. B., J. G. Jones, T. E. L. Langford, P. J. Shaw, & T. R. Nisbet, 2011.
The influence of riparian shade on lowland stream water temperatures in southern
England and their viability for brown trout. River Research and Applications 27:
226–237.
Brown, G. W., & J. T. Krygier, 1970. Effects of clear-cutting on stream temperature.
Water Resources Research 6: 1133-1139
Burton, T. M., & G. E. Likens, 1973. The effect of strip-cutting on stream temperatures
in the Hubbard Brook experimental forest, New Hampshire. BioScience 23: 433–
435.
Caissie, D., 2006. The thermal regime of rivers: a review. Freshwater Biology 51: 1389–
1406.
Christensen, D. L., B. R. Herwig, D. E. Schindler, & S. R. Carpenter, 1996. Impacts of
lakeshore residential development on coarse woody debris in north temperate
lakes. Ecological Applications 6: 1143-1149.
Clausen, J., & W. Junge, 2004. Detection of an intermediate of photosynthetic water
oxidation. Nature 430: 480–483.
Cooke, G. D., E. B. Welch, S. Peterson, & S. A. Nichols, 2005. Restoration and
management of lakes and reservoirs. CRC Press.

39

Correll, D., 1997. Buffer zones and water quality protection: general principles. Buffer
zones: their processes and potential in water protection. The proceedings of the
international conference on buffer zones, Quest Environmental, Harpendon, UK
1996: 7–20.
Ebersole, J. L., W. J. Liss, & C. A. Frissell, 2003. Cold water patches in warm streams:
physiochemical characteristics and the influence of shading. Journal of the
American Water Resources Association 39: 355-368
Falkowski, P. G., & J. A. Raven, 2013. Aquatic Photosynthesis. Princeton University
Press.
Feller, M., 1981. Effects of clearcutting and slashburning on stream temperature in
southwestern British Columbia. Water Resources Bulletin 17: 863-867
Hair, C. A., J. D. Bell, & M. J. Kingsford, 1994. Effects of position in the water column,
vertical movement and shade on settlement of fish to artificial habitats. Bulletin of
Marine Science 55: 434–444.
Helfman, G. S., 1978. Patterns of community structure in fishes: summary and overview.
Environmental Biology of Fishes 3: 129-148
Helfman, G. S., 1981. The advantage to fishes of hovering in shade. Copeia 1981: 392–
400.
Hill, W. R., & S. M. Dimick, 2002. Effects of riparian leaf dynamics on periphyton
photosynthesis and light utilisation efficiency. Freshwater Biology 47: 1245–
1256.
Karr, J. R., & I. J. Schlosser, 1977. Impact of nearstream vegetation and stream
morphology on water quality and stream biota. Environmental Protection Agency,
Office of Research and Development, Environmental Research Laboratory
(Washington D.C.).
Lachavanne, J. B., & R. Juge, 1997. Biodiversity in Land-Inland Water Ecotones. Taylor
& Francis.
Lauck, B., R. Swain, & L. Barmuta, 2005. Impacts of shading on larval traits of the frog
Litoria ewingii in a commercial forest, Tasmania, Australia. Journal of
Herpetology 39: 478–486.
Lowrance, R., L. S. Altier, J. D. Newbold, R. R. Schnabel, P. M. Groffman, J. M.
Denver, D. L. Correll, J. W. Gilliam, J. L. Robinson, R. B. Brinsfield, & others,
1997. Water quality functions of riparian forest buffers in Chesapeake Bay
watersheds. Environmental Management 21: 687–712.

40

Marcus, R. A., 1956. On the theory of oxidation-reduction reactions involving electron
transfer. I. The Journal of Chemical Physics 24: 966–978.
McCartt, A. L., W. E. Lynch Jr, & D. L. Johnson, 1997. How light, a predator, and
experience influence bluegill use of shade and schooling. Environmental Biology
of Fishes 49: 79–87.
McCluney, W. R., 2014. Introduction to Radiometry and Photometry. Artech House.
Mosisch, T. D., S. E. Bunn, & P. M. Davies, 2001. The relative importance of shading
and nutrients on algal production in subtropical streams. Freshwater Biology 46:
1269–1278.
Mosisch, T. D., S. E. Bunn, P. M. Davies, & C. J. Marshall, 1999. Effects of shade and
nutrient manipulation on periphyton growth in a subtropical stream. Aquatic
Botany 64: 167–177.
Olson, M. H., S. R. Carpenter, P. Cunningham, S. Gafny, B. R. Herwig, N. P. Nibbelink,
T. Pellett, C. Storlie, A. S. Trebitz, & K. A. Wilson, 1998. Managing macrophytes
to improve fish growth: a multi-lake experiment. Fisheries 23: 6–12.
Osborne, L. L., & D. A. Kovacic, 1993. Riparian vegetated buffer strips in water-quality
restoration and stream management. Freshwater Biology 29: 243–258.
Plumb, J. A., & L. A. Hanson, 2011. Health Maintenance and Principal Microbial
Diseases of Cultured Fishes. John Wiley & Sons.
Pusey, B. J., & A. H. Arthington, 2003. Importance of the riparian zone to the
conservation and management of freshwater fish: a review. Marine and
Freshwater Research 54: 1–16.
Spruill, T. B., 2000. Statistical evaluation of effects of riparian buffers on nitrate and
ground water quality. Journal of Environmental Quality 29: 1523–1538.
Wang, L., J. Lyons, P. Rasmussen, P. Seelbach, T. Simon, M. Wiley, P. Kanehl, E.
Baker, S. Niemela, & P. M. Stewart, 2003. Watershed, reach, and riparian
influences on stream fish assemblages in the northern lakes and forest ecoregion,
U.S.A. Canadian Journal of Fisheries and Aquatic Sciences 60: 491–505.
Weller, D., W. Doemel, & T. D. Brock, 1975. Requirement of low oxidation-reduction
potential for photosynthesis in a blue-green alga (Phormidium sp.). Archives of
Microbiology 104: 7–13.
Wetzel, R. G., 2001. Limnology: Lake and River Ecosystems. Academic Press.

41

